Keywords: hydrolysis pH rate profile diclofenac esters wound care pendent drug attachment prodrugs controlled release kinetics stability polymeric drug delivery systems a b s t r a c t Degradation reactions on diclofenac-monoglycerides (3a,b), diclofenac-(p-hydroxybenzoate)-2-monoglyceride (3c), diclofenac (1), and diclofenac lactam (4) were performed at 37 C in isotonic buffer solutions (apparent pH range 1-8) containing varying concentrations of acetonitrile (ACN). The concentration remaining of each analyte was measured versus time. Diclofenac-monoglycerides and diclofenac-(p-hydroxybenzoate)-2-monoglyceride (3c) were both found to undergo facile and complete hydrolysis in pH 7.4 isotonic phosphate buffer/10% ACN. Under mildly acidic, neutral or alkaline conditions, diclofenac-(p-hydroxybenzoate)-2-monoglyceride (3c) had the fastest hydrolysis rate (t 1/2 ¼ 3.23 h at pH 7.4), with simultaneous formation of diclofenac lactam (4) and diclofenac (1). Diclofenacmonoglycerides (3a,b) hydrolyzed more slowly under the same conditions, to again yield both diclofenac (1) and diclofenac lactam (4). There was also transesterification of diclofenac-2-monoglyceride (3b) to its regioisomer, diclofenac-1-monoglyceride (3a) across the pH range. Diclofenac was shown to be stable in neutral or alkaline conditions but cyclized to form the lactam (4) in acidic conditions. Conversely, the lactam (4) was stable under acidic conditions but was converted to an unknown species under alkaline or neutral conditions. © 2016 American Pharmacists Association ® . Published by Elsevier Inc. All rights reserved.
Introduction
This article reports the synthesis, hydrolytic behavior, and product formation for two diclofenac esters, diclofenac-monoglyceride [as an equilibrated mixture of two regioisomers DCF-1-MG, 3a, and DCF-2-MG, 3b (throughout this manuscript, the mixture of regioisomers of DCF-MG will be referred to as DCF-MG (3a,b), whereas DCF-1-MG (3a) or DCF-2-MG (3b) will be used when referring to a specific individual regioisomer.)] and diclofenac-(p-hydroxybenzoate)-2-monoglyceride (DCF-PHB-MG, 3c) as typical monomeric building blocks for the synthesis of drugepolymer conjugates (DPCs). 1 Two products arose from the hydrolysis of both the alkyl and aryl esters, diclofenac (DCF,1) and diclofenac lac-tam (4).
The relative rates of hydrolysis (to liberate the parent drug) are anticipated to be significantly different, as the aryl ester is an activated ester with a good leaving group. It was hoped that from an understanding of the monomer hydrolysis kinetics the rates of drug release from a DPCs could be tailored. The structure of DCF and the DCF esters suggested the possibility of lactam formation by an intramolecular condensation (dehydration) reaction. Despite this possibility, as far as we are aware, there have been no previous reports of lactam formation directly from the hydrolysis of esters of DCF, 2 though there have been reports of lactam formation during synthesis of diclofenac analogues, particularly activated esters of diclofenac. Along with diclofenac (1) and diclofenac lactam (4), the ester's stability and degradation/hydrolytic behavior were studied in solutions of isotonic buffers with apparent pH values in the range 1-8, using sufficient acetonitrile (ACN) cosolvent to give adequate solubility for uncomplicated analysis. Diclofenac is a potent nonsteroidal anti-inflammatory drug (NSAID) that is widely used for the treatment of pain and inflammation. 3, 4 In addition to this primary activity, studies have shown that DCF is a broad spectrum antimicrobial agent. 5, 6 NSAIDs like DCF are also known to exert an antiproliferative effect on fibroblasts and keratinocytes, 7 which may counteract their anti-inflammatory effect in the early stages of the wound healing cycle. Further studies in acute wounds have demonstrated that even though DCF reduced fibroblast numbers in an incisional acute wound, DCF did not impair normal healing. 8 The observation that DCF has potential therapeutic activities important to the management of chronic wounds led to the intriguing possibility that it would be clinically efficacious to deliver therapeutic levels of DCF into chronic wounds. 9 We sought to build DPCs where DCF was attached pendent to the polymer backbone through an ester linkage, which is labile in a physiological environment and provides a mechanism for controlled release. The polymer could be processed into fiber form and incorporated into wound care dressings with a key performance criterion that they must release therapeutic amounts of DCF in a controlled manner when exposed to wound exudate.
Synthesis of the diclofenacepolymer conjugate involves reaction of diclofenac conjugated via an ester linkage to a diol, as a drug incorporating monomer, with a comonomer (i.e., a diisocyanate) to produce a polyurethane-based DPC. The drugincorporating monomer is a prodrug, the hydrolytic behavior of which can be studied independently to confirm the lability of the ester linkage and to better understand diclofenac release from the final DPC product.
The purpose of this study was to (1) confirm that hydrolysis of an aryl ester construct was faster than an alkyl ester, (2) show that DCF was the predominant product of hydrolysis, (3) examine the stability of DCF and its lactam alone, (4) understand the relationships between rates of hydrolysis and pH, and (5) explore the utility of the constructs for design of a wound-responsive product.
Preparation of DPCs of DCF has previously been attempted. Two groups have described the use of standard ester linkages with nonbiodegradable polymethacrylate polymer backbones. 10, 11 In both cases, the drug release profile was measured with a direct UV method that would not differentiate between DCF and its lactam degradation product. A number of other diclofenac alkyl ester prodrugs with ester linkages have been made. [10] [11] [12] [13] [14] [15] Bonina et al. 13 reported chemical hydrolysis half-lives in the range 400e500 h (pH 7.4 buffer, 32 C) for an homologs series of polyoxyethylene ester prodrugs. Tammara et al. 15 produced a series of morpholinoalkyl esters of DCF with reported chemical hydrolysis half-lives in the range 3e34 h (pH 7.4 buffer, 37 C). Both the disappearance of the prodrug and the formation of DCF were measured, with mass balance achieved. Jilani et al. 14 made some hydroxyethyl esters of DCF and reported a chemical hydrolysis half-life of about 36 h (pH 7.4, 37 C). Bonina et al., 13 Tammara et al., 15 and Jilani et al. 14 all used HPLC methods to quantify the prodrug separately from DCF and none reported any observations regarding the formation of lactam (4). Other NSAIDepolymer conjugates 16 have been made to compare hydrolysis rates for alkyl esters with aryl esters, with faster drug release observed with the aryl ester. Also, some evidence suggesting release rates were greater in more strongly basic media was found. This has important implications for wound care, as it offers the potential to develop a wound-responsive product. 17 The (4), and additional kinetic data.
Synthesis of Diclofenac Esters
Preparation of 1,3-Dihydroxypropan-2-yl 2-(2-((2,6-Dichlorophenyl) Amino)Phenyl)Acetate (DCF-2-MG)(3b)
To a mixture of diclofenac (11.47 g, 38.7 mmol), DMAP (0.25, 2.0 mmol), and cis-1,3-benzylidene glycerol (6.99 g, 38.8 mmol), a solution of DCC (10.01 g, 48.5 mmol) in anhydrous DCM (500 mL) was added drop wise at 0 C over a period of 30 min. The reaction was stirred at 0 C for 2 h. The crude material was purified via column chromatography on silica gel (20% ethyl acetate/hexanes as eluent) to give 2-phenyl-1,3-dioxan-5-yl 2-{2-[ (2,6- 1-(2,6-Dichlorophenyl)indolin-2-one (diclofenac lactam) (4) was also isolated as a by-product in 30% yield. Spectral data were consistent both with that reported and an authentic sample (see Supporting Information).
2-Phenyl-1,3-dioxan-5-yl 2-{2-[(2,6-dichlorophenyl)amino] phenyl}acetate (3.13 g, 6.8 mmol), 10% (w/w) palladium on carbon (0.31 g) in ethyl acetate (60 mL) was hydrogenated under one atmosphere of hydrogen (balloon) for 16 h at room temperature. The catalyst was removed by filtration through Celite. The crude material was purified by reslurrying and filtration from 30% ethyl acetate/hexanes. The title compound (3b) was obtained in 71% yield as an off-white solid. 1 Preparation of 1,3-Dihydroxypropan-2-yl 4-(2-(2-((2,6-Dichlorophenyl) Amino)Phenyl)Acetoxy) Benzoate (3c) Using the procedure described above, 1,3-dihydroxypropan-2-yl 4-(2-(2-((2,6-dichlorophenyl)amino)phenyl)acetoxy) benzoate (3c) was prepared in two steps from diclofenac in 62% and 67%, respectively. Diclofenac lactam (4) was also isolated as a by-product from the first step in 37% yield. The general procedure for DCC coupling outlined above was used. Reaction of diclofenac and solketal gave (2,2-dimethyl-1,3-dioxolan-4-yl)methyl 2-(2-((2,6-dichlorophenyl)amino)phenyl)acetate in 74% yield as a clear yellow oil. Diclofenac lactam (4) was also isolated as a by-product in 21% yield.
(2,2-Dimethyl-1,3-dioxolan-4-yl)methyl 2-(2-((2,6-dichlorophenyl)amino)phenyl) acetate (3.47 g, 8.4 mmol) was stirred in 80% aqueous acetic acid at 80 C for 5 h. The crude mixture was purified via column chromatography on silica gel using 50% ethyl acetate/ hexane as eluent. The title compound, 2,3-dihydroxypropyl 2-(2-((2,6-dichlorophenyl)amino)phenyl)acetate (DCF-1-MG) (3a) was obtained in 71% yield as a clear yellow oil. 1 
Hydrolysis Reaction Solutions
The aqueous reaction solutions used in kinetic studies were hydrochloric acid (pH 1.0, 1.5, and 2.0), citrate buffer (0.05 M; pH 3.0-5.0), phosphate buffer (0.067 M; pH 6.0-8.0), and borate buffer (pH 9.0). Each solution was made with Milli-Q water and adjusted to isotonicity with sodium chloride. The pH values of all reaction solutions were measured with a calibrated high-precision pH meter (Orion 520Aþ Advanced pH/mV/RmV/ORP meter; Thermo Electron Corporation, CA). Calibration used the two-point protocol with pH 4 and 7 standards.
Kinetic Procedure
Because of poor water solubility, 3a,b and 3c were first dissolved in ACN, and then aliquots of each stock solution were carefully diluted with the hydrolysis media [(3a,b), 150 :mM, 10% (v/v); 3c, 110 :mM, 20% (v/v)]. To examine the effect of ACN on reactivity, solutions of (3a,b) and (3c) at apparent pH 7.4 with varying concentrations of ACN (1%-30%, v/v) in the reaction medium were degraded at 37 C. The stabilities of the two main degradation products (1) and (4) were also examined separately (pH 7.4, 37 C). All reactions were conducted in the dark, to avoid the possibility of photolytic dehydrochlorination reactions, which have been observed with closely similar chloroaryl NSAID structures, for example, meclofenamic acid. 22 Each buffered solution (10 mL) was contained in a 20-mL screw cap glass vial with a magnetic stirring bar. The capped vials were placed on a multiposition magnetic stirrer (VARIOMAG™, TELESYSTEM 60 with TELEMODUL 20 controller; Thermo Electron LED GmbH, Osteroden, Germany), which was submerged in a constant-temperature water bath regulated at 37.0 ± 0.5 C. The pH values were checked at the end of each experiment; no significant change was observed.
Transesterification at Low pH
Two individual kinetic experiments were performed at pH 1.0 to quantify the rate of ester hydrolysis for DCF-1-and DCF-2-monoglycerides, and subsequently, the rates of transesterification between the two structural isomers. The molar ratio of isomers present in the starting material differed between experiments. Isomer ratios of approximately 10:90 and 90:10 (3a:3b) were used for experiment 1 and 2, respectively. The concentrations of 3a and 3b were measured as a function of time using the HPLC procedure described below. Nonlinear least-squares regression (weighting factor 2) was performed on the experimental data using Micromath Scientist ® 3.0 software (St. Louis, Missouri). First-order rate constants describing transesterification and hydrolysis were estimated from this regression. (4), were prepared in the mobile phase. These solutions were suitably diluted with the mobile phase to give a concentration range from 0.5 to 50.0 mg/mL of each analyte, and used to prepare calibration plots for all analytes. Validation data for the HPLC analytical method are given in the Supplementary Information.
Analytical Procedure

A Waters
Results
Determination of the kinetic order and pseudo-first-order rate constants for loss of DCF-MG (3a,b) and DCF-PHB-MG
In all buffered solutions, at constant pH and temperature, the loss of DCF-MG (3a,b) and DCF-PHB-MG (3c) was described by firstorder kinetics. The observed pseudo-first-order rate constants, k obs , for disappearance of DCF-MG (3a,b) were calculated from the slopes of plots of ln(concentration remaining) of the monomer versus time according to Eq. (1).
where the initial concentration is [C 0 ], and [C t ] was the monomer concentration as the sum of the concentration of the two possible
, remaining at time, t. All plots were linear over the duration of each study and k obs values were obtained by linear regression, giving the kinetic data reported (see Tables S8  and S9 in Supplementary Information).
pH Rate Profiles
The loss of DCF-MG (3a,b) and DCF-PHB-MG (3c) was studied over the pH range 1.0-8.0. The observed pseudo-first-order rate constants (k obs ) for loss of DCF esters (see Tables S8 and S9 , Supplementary Information) were plotted as pH rate profiles (Fig. 1) .
The profiles in Figure 1 allowed extraction of the second-order rate constants for specific acid and specific base catalysis, as well as the pseudo-first-order rate constant for uncatalyzed spontaneous hydrolysis, as shown in Table 1 . A V-shaped pH rate profile of DCF-MG (3a,b) loss over the pH range 1.0-8.0 was observed, with maximum stability at about pH 4.7, whereas a U-shaped profile was observed for loss of DCF-PHB-MG (3c) over the same pH range, with maximum stability within the pH range 3.0-4.0. A small discontinuity in the acid catalyzed region of the DCF-MG (3a,b) pH rate profile was observed between pH 2.0 and 3.0. Linear regression equations for the pH ranges 1.0-2.0 and 3.0-4.5 were log k obs ¼ À0.9985pH þ 0.48 and log k obs ¼ À1.0014pH þ 0.15, respectively. The Fisher F-ratios for the two equations suggested that their slopes were not statistically different from each other, or from the theoretical value of À1.00. Further regression equations were then estimated for the same two pH ranges, with the gradient of each equation constrained to À1.000, consistent with the first-order rate equation for specific acid catalysis (Eq. (2)).
where k H is the specific second-order acid-catalyzed rate constant. A Student's t-test (two-sided) of the difference (0.43) in the k H values over the pH range 1.0-3.0, because of the discontinuity, was found to be statistically significant at the 5% level.
A common explanation for a discontinuity such as that in the acid-catalyzed region of the pH rate profile is a change in ionization state of DCF-MG (3a,b). The N-H group of either DCF (1) or its monomers may function as a very weak base, and thus form a conjugate acid at very low pH. Any such change should result in a significant change to the UV spectrum of DCF-MG. No significant difference was seen between spectra in the range pH 1.0-3.0 (data not shown), which suggested that no change in ionization state of the N-H group occurred, and hence no effect on reaction kinetics could be attributed to that cause.
Hydrolysis and Transesterification
The HPLC separation procedures described above permitted baseline separation of all analytes shown in Scheme 1, including the two isomers of DCF-MG (see Supplementary Information). For DCF-MG, transesterification (acyl migration) involving the two isomers, DCF-1-monoglyceride (3a) and DCF-2-monoglyceride (3b), influence the hydrolysis kinetics of the ester. Transesterification of the corresponding aryl isomers would be highly unlikely to affect the hydrolysis rate of DCF-PHB-MG (3c), as the isomers are remote from the reaction center and do not involve the activated ester bond. Unless otherwise stated, all experimental solutions were prepared from a common batch of DCF-MG that contained 10%-15% of the 1-monoglyceride (3a), and correspondingly 85%-90% of the 2-monoglyceride (3b), based on 1 H NMR spectra. However, transesterification was observed in buffered solution over a wide pH range; this process was complete within a few hours at neutral or higher pH values. In mildly acid pH values (pH 3-5), transesterification was much slower, but was found to be complete within approximately 350 h. Transesterification gave formation of an equilibrium mixture of the monoglycerides, favoring the 1-monoglyceride in a ratio of approximately 8-9:1. At low pH (<3.0), the transesterification rate was slow with respect to the rate of monomer degradation, such that an approximate rate of ester hydrolysis for the individual isomers could be measured. At pH 1.0, the observed loss of the DCF-1-MG (3a) followed pseudo-first-order kinetics with a rate constant of approximately k ¼ 0.0308 h
À1
. The equivalent rate constant for the loss of DCF-2-MG (3b) was k ¼ À0.0969 h À1 . However, these rate constants are hybrid rate constants and although they represent the loss of the monomer, they incorporate the combined loss from differing hydrolysis rates of each individual regioisomer, transesterification, and possible contribution from lactam formation. At pH 7.4, the equivalent hybrid rate constants for loss of the two individual DCF-MGs were 0.0123 and 0.0102 h À1 , respectively (see Supplementary Information  Fig. S7) .
At pH 1.0, contributions from acyl migration and ester hydrolysis on the overall disappearance of the 1-and 2-monoglyceride are evident.
A pseudo-first-order reversible, parallel, and consecutive process may describe the change in monomer concentration (Scheme 2). For DCF-MG (3a,b), (A) and (B) refer to the specific acid-catalyzed rate constants for the region below the discontinuity (A; <pH ¼ 2.0) and above the discontinuity (B; pH > 2.0). The pH value or pH range for maximum stability of (II) and (III) is also shown in the Table. a Rate constants reported in Table 1 (and Supplementary Information Table S8 ) for DCF-MG (3a,b) were determined based on the loss of the combined sum of the two regioisomers DCF-1-MG (3a) and DCF-2-MG (3b), not for an individual regioisomer. b Slopes of the regression equations fixed at À1.00. c Slopes of the regression equations allowed to optimize. The rate equations derived from Scheme 2 are shown below:
where [3a x ] and [3b x ] are the concentrations of DCF-1-and 2-monoglycerides, respectively, and the subscript identifies the relevant experiment number. Varying the molar ratio of 3a to 3b in the two experiments allowed the rates of transesterification between isomers to be investigated. The values of k f , k r , k 1 , and k 2 were estimated at pH 1.0 by fitting the differential equations to experimental data using a software package ( Table 2) .
The estimated rate constants at pH 1.0 were used to simulate the concentration versus time profiles of 3a and 3b in two experiments. Experiment 1 had a starting mole ratio of 3a to 3b of 10:90, whereas Experiment 2 was the opposite with a starting mole ratio of 3a to 3b of 90:10 ( Fig. 2) . Excellent correlation was observed between the simulated curves and the experimental values (r 2 values > 0.99) (see Tables S10-S12 in Supplementary Information for additional statistical analysis). At pH 1.0, the estimated rate constant for disappearance of the 1-position isomer (3a) was only about 37% that of the 2-position (3b) isomer. 
Effect of ACN Cosolvent on Reactivity
Because of the low aqueous solubility of DCF (1), 23 and the DCF monomers (3a,b) and (3c), ACN was used as a cosolvent in the reaction media to ensure complete dissolution at sufficient concentration. Thus, the effect of ACN content on reactivity was examined to better understand the underlying mechanism and the behavior of each monomer in the absence of ACN. To quantitatively show the dependence of the hydrolysis reaction on the dielectric constant (ε) of the medium, ln k was plotted as a linear function of 1/ε at the experimental temperature T (K), 24 in accordance with the following equation:
where k ε ¼ ∞ is the rate constant at infinite dielectric constant, Z A is the ionic charge of the attacking nucleophilic species (OH À anion), m is the molecular dipole moment, r is the shortest ion dipole distance, and k is Boltzmann's constant. ε was calculated ACN and water, 25 without taking into account the concentration of phosphate buffer species. Figure 3 shows the dependency of the observed first-order rate constants, k obs , on ACN concentration and corresponding dielectric constant, ε. The negative slopes of the plots were consistent with Eq. (7).
Mass Balance and Product Analysis of DCF-MGs (3a,b) and DCF-PHB-MG (3c) Hydrolysis
The two main end products from hydrolysis of DCF-MGs (3a,b) and DCF-PHB-MG (3c), as identified and quantified by HPLC referenced to the authentic compounds, were found to be DCF (1) and its lactam (4); p-hydroxybenzoic acid was observed in the solvent front. The concentrations of the two hydrolysis products, DCF (1) and lactam (4), were simultaneously determined as a function of time, along with those for the monomers. Figure 4 shows the pH-dependent mole fractions of the products, DCF (1) and lactam (4), with respect to DCF-PHB-MG (3c) when exposed to hydrolytic conditions (37 C), and data for the timedependent simultaneously measured concentrations of DCF-PHB-MG (3c), DCF (1), and lactam (4) at pH app 4.0. Generally, formation of lactam (4) was proportionally more extensive than formation of DCF (1) . At pH values below 3.0 and above 6.0, formation of lactam (4) was more extensive than formation of DCF (1) from degradation of DCF-PHB-MG (3c). By comparison, within the pH range 3.0-4.0, DCF (1) accounted for more than 91% of the identified degradation products, or 74% of the DCF-PHB-MG (3c). Mass balance between loss of the monomer and formation of the two main products DCF (1) and lactam (4) was not achieved for DCF-PHB-MG (3c) hydrolysis in both acid and neutral conditions, yet approximately 90% of identified analytes was recovered after complete loss of the substrate. A similar relationship was observed with DCF-MG (3a,b), with proportionally more lactam at pH values less than 4.0 and greater than 6.0. There also appeared to be mass balance between loss of monomer and the formation of the two products, DCF (1) and lactam (4), for DCF-MGs (3a,b) in acid conditions. However, at pH 7.4, mass balance was not achieved, with approximately 8-10 mole % loss of total substrate during the experiment.
Although the data indicated that DCF (1) and lactam (4), in varying proportions, were the main products from hydrolysis of both DCF-2-MGs (3a,b) and DCF-PHB-MG (3c), there appeared to be unidentified minor products.
The stabilities of DCF (1) and lactam (4) were examined individually to consider the possibility of interconversion, or alternate side reactions. There are a number of reports on the stability of DCF (1) in acidic media. 26, 27 Hence, the reactivity of DCF (1) Table 3 . DCF (1) was found to be unstable, particularly in acidic solutions, as shown by the time-dependent concentration plot in Figure 5a , suggesting direct formation of lactam (4) from DCF (1). Conversely, lactam (4) appeared to be unstable, in basic solutions, as shown by the time-dependent concentration plot in Figure 5b , with the possibility for DCF (1) to also be formed from (4) . The data in Table 3 clearly shows the high susceptibility of DCF (1) ]. The data also show that the lactam was unstable in neutral and basic conditions but very stable with no sign of any degradation in acidic conditions (0.01 and 0.1 M HCl).
Discussion
Kinetics of DCF-MGs (3a,b) and DCF-PHB-MG (3c)
The rate of degradation of both DCF-MGs (3a,b) and DCF-PHB-MG (3c) was found to follow pseudo-first-order kinetics at the concentrations studied in the pH range 1.0-8.0. Both species were subject to specific acid and base catalysis in this pH range. The observed first-order rate constants were consistent with Eq. (8).
where
] is the contribution from acid catalysis, k s is the rate constant for spontaneous water attack, and k OH [OH À ] is the contribution from base catalysis. Scheme 2. Acyl migration between structural isomers, 3a and 3b, and degradation of each species to diclofenac/diclofenac lactam at pH 1.0. Rate constants k f and k r describe transesterification between isomers; k 1 and k 2 are the pseudo-first-order rate constants describing the degradation of 3a and 3b, respectively. In the case of DCF-MG (3a,b), the data were consistent with an uncatalyzed (spontaneous) first-order rate constant, k s , of approximately 0 and second-order catalytic rate constants, k H and k OH , of 0.450 and 2.18 Â 10 4 M À1 h
À1
, respectively. For DCF-PHB-MG (3c), the data were consistent with an uncatalyzed first-order rate constant, k s , of 1.32 Â 10 À3 h
, and second-order catalytic rate constants, k H and k OH , of 0.261 and 1.40 Â 10 6 M À1 h
, respectively.
pH Rate Profiles
The pH rate profile terminal slopes for acid-and base-catalyzed degradation were close to the theoretical À1 and þ1 values, respectively, especially for the specific base-catalyzed reactions (3a,b, 0.992; 3c, 1.011). The plots depicted in the pH rate pro-file ( Fig. 1) were consistent with hydrolysis of the ester group, as the pH for maximum stability in each case was on the weakly acid side of neutrality, showing greater susceptibility of the ester group to OH À catalyzed hydrolysis than to H þ catalyzed hydrolysis. 28 The profile shapes were also consistent with the hydrolysis behavior expected for the activated ester DCF-PHB-MG (3c) (U-shaped profile), which has a good leaving group, the p-hydroxybenzoate moiety, compared with the unactivated ester DCF-MGs (3a,b) (V-shaped profile), where the anion of glycerol was a relatively poor leaving group. It was notable that the specific acid-catalyzed region for each of the two profiles were virtually superimposable, whereas the specific base-catalyzed regions were defined by pseudo-second-order specific rate constants that differed by about two orders of magnitude, indicating that the acid-catalyzed reaction mechanism was barely influenced by the presence of the 4 0 -Oaromatic leaving group, unlike the base-catalyzed reaction, which was significantly more influenced by the activated ester. Study of the acid-catalyzed side of the profile for DCF-MG (3a,b) suggested that it consisted of two parallel sections, that is, pH < 2 (A) and pH 2-4.5 (B), with a small discontinuity in the profile. . Further statistical analysis suggested the discontinuity to be beyond experimental error.
There are a number of possible explanations for the discontinuity in the acid-catalyzed region of the DCF-MG (3a,b) pH rate profile: (1) a change in ionization state of DCF-MG with pKa corresponding to the median pH of the observed displacement, (2) a medium effect, and (3) citrate buffer catalysis.
Diclofenac has two ionization sites, the carboxylic acid (pKa ¼ 3.99) and the very weakly basic diaryl amine, for which the pKa value has not been reported, but is expected to be less than 2, if not less than 0. 26 Spectrophotometric results from our laboratory (data not shown) suggested that DCF-MG: (1) had no change in ionization down to pH 1; and (2) had an acidic pKa value of greater than 9.5. A possible medium effect is a change in the apparent pH during the course of the hydrolysis. An unbuffered medium (HCl) was used in the kinetic studies at pH 1.0, 1.5, and 2.0, which corresponded to section (A) of the displacement. The maximum change in pH that could arise from complete hydrolysis of (3a,b) at a starting concentration of 150 mM was only À0.0065 (i.e., pH 2.00 to 1.9935). The observed discontinuity was too big to be explained by any change in pH during the experiment, despite the unbuffered medium.
The effect of buffer species on the hydrolysis of esters and on the stability of drug species in general is well recognized. The catalytic effect of citric acid buffer in particular on ester hydrolysis over an acidic pH range is also well documented. For instance, citric acid buffer has shown a catalytic effect on the hydrolysis of a neuromuscular blocking candidate that contained two ester linkages. 29 It is highly possible that a catalytic contribution from the citric acid buffer is responsible for the observed discontinuity in the pH rate profile as it occurred in the pH region covered by the citrate buffer (pH 3.0-5.5) and is close to pKa 1 for citric acid (3.1). As the discontinuity occurred in a region that was not of interest for wound care application, we did not further investigate buffer catalysis by examining changes in buffer concentration.
Effect of ACN on Monomer Reactivity
As shown in Figure 3 , the pseudo-first-order rate constants for monomer hydrolysis decreased with decreasing dielectric constant of the medium. The negative effect of the ACN content on the hydrolysis rates at pH 7.4 is consistent with two mechanistic effects: (1) reduction in water activity with increasing ACN content directly altered the pseudo-first-order reaction conditions; or (2) influence of the changing dielectric constant on transition state formation. The present data (Fig. 3) are consistent with the first of these explanations. Further studies with additional organic cosolvents are needed to more fully distinguish between the two possibilities.
Transesterification
Rapid transesterification (acyl migration) was observed for both monomers, leading to equilibrium between the 1-and 2-isomers, favoring the 1-monoglyceride (3a) in a molar ratio of about 8-9:1. This was reasonable, given that, first, from a statistical point of view, there are two 1 hydroxyl groups that can form the 1-monoglyceride (3a) from the 2-monoglyceride (3b), whereas the 1-monoglyceride (3a) has only one 2 hydroxyl that can form the 2-monoglyceride. Second, the 2-monoglyceride (3b) was considered to be more sterically crowded than the 1-monoglyceride (3a) and thus will be less likely to form.
In this study, we observed that transesterification between the 2-monoglyceride (3b) and the 1-monoglyceride (3a) occurred over the whole pH range. The reaction was faster at higher pH and favored formation of 1-monoglyceride. For instance, at pH 7.4, equilibrium was reached within the first hour, with a (3a)-(3b) ratio of 8.2:1 (from a ratio of 0.4:1 at time zero); however, at pH 1.0, slower transesterification could be followed by HPLC analysis to quantitatively determine the rate of change in concentration for each monomer. At pH 1.0, the data for the loss of the DCF-2-MG (3b) are nonlinear ( Fig. 2; Supplementary Information Fig. S7a ), suggesting that there is some component of transesterification to the 1-monoglyceride followed by hydrolysis occurring along with ester hydrolysis of the 2-monoglyceride. This effect is only observed at low pH, where the rate of transesterification is slow enough with respect to the rate of ester hydrolysis. At higher pH, such as pH 7.4, the rate of transesterification is rapid and no interference from transesterification is seen. Thus, the apparent rate constant for the 2-monoglyceride at low pH will reflect the contributions of both transesterification and hydrolysis.
At pH 1.0, first-order rate constants for transesterification and regioisomer degradation were determined.
The rate of the reverse reaction (3a to 3b) was observed to be an order of magnitude slower than the rate of the forward reaction
, respectively). Estimated values for rate constants describing acyl migration support observations that the equilibrium between the 1-and 2-isomers favors the 1-monoglyceride.
An apparent equilibrium constant, K, defined by Eq. (9), was calculated to be 8.8 at pH 1.0 from the rate constants described above. Similarly, K was approximated at 8.2 at pH 8.0, where transesterification was much faster than hydrolysis, and where equilibrium was reached within 1 h.
The rate of disappearance was observed to differ for 1-and 2-monoglycerides. Typically, bulky functional groups near reaction centers reduce reactivity by sterically hindering the approach of the incoming nucleophile. As the 2-monoglyceride was considered to be more sterically crowded than the 1-monoglyceride, its ester bond was expected to be less susceptible to hydrolysis.
However, the estimated rate constant for ester hydrolysis of the 2-monoglyceride (7630 Â 10 À5 h À1 ) was faster than that of the 1-monoglyceride (2820 Â 10 À5 h À1 ). This result suggested that, at low pH, other factors, such as stabilization of the positively charged carbonyl oxygen by a lone pair containing neighboring group such as the two proximal primary hydroxyl groups or intramolecular general acid catalysis, may be involved.
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Product Distribution and Mass BalancedDCF-MGs (3a,b)
The overall reaction pathways for the two substrates, DCF-MG (3a,b) and DCF-PHB-MG (3c), are shown in Scheme 3. Detailed examination of the quantitative kinetic data showed that DCF (1) and the lactam (4) appeared to be the sole hydrolysis products of DCF-MG (3a,b) within the pH range 4.5-5.5, and were formed in equimolar amounts. The observed mass balance between loss of monomer and formation of these two products suggested that they were the only products from the hydrolysis. Combined with the observed absence of a lag phase for either product, such results were consistent with a pair of simultaneous parallel reactions, A / B and A / C (not considering transesterification between regioisomers). As the pH was decreased, proportionally more lactam was formed, until at low pH (<3.0) lactam was the predominant product. Mass balance was also observed between loss of reactant and product formation over the pH range 1.0-4.0, and again no lag phase was observed for either product, but there was some evidence for loss of DCF (1) .
As shown in Table 3 , the lactam was stable under acidic conditions (0.1 and 0.01 M HCl), while DCF (1) formed lactam (4). Such results were consistent with an A / B þ C reaction mechanism to explain the formation of DCF (1) and lactam (4) from DCF-MG (3a,b) with an additional B / C reaction to explain the dehydration of DCF (1) to lactam (4) . In specific acid-catalyzed hydrolysis, protonation of the carbonyl oxygen leads to increased polarization of the carbonyl group, facilitating addition of a nucleophile, that is, a H 2 O molecule. As the pH was increased (>6.0), the reaction mechanism was complicated by the instability of lactam (4). Contrary to the observed stability/instability in acidic conditions, under basic conditions, DCF (1) was found to be stable and the lactam (4) unstable. It was clear from the data in Table 3 that the lactam did not form in alkaline aqueous solutions through cyclization dehydration of DCF (1) . Instability of the lactam was observed at a pH as low as 7.4 (t 1/2 ¼ 51 days), and became more rapid at higher pH.
Surprisingly, DCF (1) was not even a minor product of the degradation of 4 under these conditions. Furthermore, the degradation of lactam (4) fitted an apparent zero-order process, except at high pH; this suggested an unidentified lactam degradation product at neutral to higher pH values. One possibility was that basecatalyzed dimerization leading to oligomerization of the lactam might occur, a possibility supported by the appearance of broad, low-intensity signals at long retention times on the chromatograms. 26 The a-methylene group on the lactam was considered to be very weakly acidic.
The apparent zero-order model for the loss of lactam (Table 3) , tending toward a second-order model at high [OH À ], suggested that the degradation process required hydroxyl ions to promote deprotonation of the lactam at the a-carbon. Consistent with the observations reported here, the rate limitation at near neutral to mildly alkaline pH is the rate that a proton can be removed from the substrate, which is dependent on the [OH À ] and not on the significantly higher [substrate], whereas at higher pH, the limitation would be the [substrate], accounting for the conversion to a second (or even higher) order kinetic model in 0.1 M NaOH. The resulting condensation product dimer is expected to have an extremely weakly ionizable a-methylene and a carbonyl; these features will allow further condensations leading to oligomeric products. This hypothesis is also consistent with the observed broad, highly retained, low-intensity unidentified signals in the chromatograms.
The quantitative kinetic data also showed that DCF (1) and the lactam (4) were not the sole products from the degradation of DCF-MG (3a,b) at pH greater than 6.5. The most likely explanation for lack of mass balance above pH 6.5 was loss of the lactam (4). The impact of lactam instability was most apparent in the mass balance plots of pH 6.5 and 7.0, which suggested that under neutral conditions, the effect of [OH À ] on the instability of lactam was much greater than the effect on the hydrolysis of DCF-MG (3a,b). The data were consistent with a parallel pair of reactions A / B and A / C, to explain the formation of 1 and 4 from (3a,b), with an additional B / D reaction to explain the loss of lactam (4) to an as yet unidentified species. In specific base catalysis, the tetrahedral intermediate was formed by the addition of a nucleophilic OH À ion. 26 This reaction is irreversible in principle for esters, as the carboxylate ion formed is deprotonated in basic solution and, hence, is not susceptible to attack by the nucleophilic alcohol or phenol.
Product Distribution and Mass BalancedDCF-PHB-MG (3c)
The quantitative data for DCF-PHB-MG (3c) showed more rapid hydrolysis across all studied pH ranges. This result was expected, as it was generally understood that the rate of ester hydrolysis was influenced most by the stability of the leaving alcohol, as the phenoxide; the greater the stability of the leaving alkoxide (as measured by the pKa of its free acid), the faster the hydrolysis rate. Consequently, rate constants for hydrolysis of esters follow the order: aryl esters > alkyl esters. For example, phenyl acetate hydrolyses about 12 times faster than ethyl acetate. 28 The reaction mechanisms for the acid-catalyzed hydrolysis and base-catalyzed hydrolysis of DCF-PHB-MG (3c) appeared to be the same as those for DCF-MG (3a,b). One notable exception was at pH 4.0, where DCF (1) was the predominant product from the hydrolysis of DCF-PHB-MG (3c), with minimal lactam (4) formation. The data were consistent with DCF (1) being the sole product from the spontaneous uncatalyzed hydrolysis of DCF-PHB-MG (3c).
Other studies by us (as yet unpublished) have shown that the hydrolytic release of DCF (1) from pendent DCFePHBepolyurethane polymer conjugates at pH 7.4 was accompanied by significantly reduced formation of (4), compared with that observed for the monomers. It would therefore seem likely that release of DCF (1) from such conjugates was mediated by spontaneous hydrolysis of the ester linkage between DCF (1) and the pendent p-hydroxybenzoic acid linker.
Lactam formation arises when the lone pair of electrons on nitrogen in the free base form attacks the carbonyl carbon of diclofenac or diclofenac esters. As the basic pKa value for DCF, a diaryl amine, was expected to be very low (e.g., aniline pKa ¼ 4.87; o-chloroaniline pKa ¼ 2.64; diphenylamine pKa ¼ 0.79), lactam formation was expected across almost the entire pH range. Variations in rate or extent of lactam formation as a function of pH will then arise as a result of pH effects at more remote loci from the central nitrogen atom. In this context, the state of ionization of the free acid product DCF was also important. This has a measured pKa value of 3.99 33 for the carboxylic acid group. The results of our studies are consistent with this theory. Of note is that the pH corresponding to minimum lactam formation appeared to coincide with the pKa value for the carboxylic acid group.
Conclusions
The present study showed that aqueous degradation of both DCF-MGs (3a,b) and DCF-PHB-MG (3c) followed pseudo-first-order kinetics, with two products resulting from hydrolysis, DCF (1), and the lactam (4). The analytical methods developed for this study are able to differentiate and quantify both DCF (1) and lactam (4) in a common sample, something that was not previously reported. The pH rate profile of the DCF-MGs (3a,b) was V-shaped with specific acid catalysis below pH 4.5 and specific base catalysis above pH 4.5. In contrast, the pH rate profile of DCF-PHB-MG (3c) was U-shaped and characterized by specific acid catalysis below pH 4.5, specific base catalysis above pH 4.5, and with spontaneous (uncatalyzed) hydrolysis most dominant in the range pH 4.0-4.5.
The extensive formation of the lactam (4) from these monomers might be expected to present an impediment to the use of the pendent drugepolymer matrix approach to delivery of diclofenac. However, data not yet published (in preparation) has indicated that release of DCF (1) from such polymers proceeded with the formation of essentially no lactam at all. It was concluded that the results in this study support the concept of drug delivery using a pendent drug polymer matrix approach.
The pH rate profiles shown in Figure 1 indicated clearly that the hydrolysis rate constants for both the unactivated alkyl ester and the activated aryl ester were highly pH dependent, at least up to pH 8.0, with slopes of þ1, in the alkaline range, in both cases. It was unlikely that the linear relationships in the pH rate profiles above pH 8 will deviate from those straight lines, at least up to a pH value of 9, which is of interest in the wound care field. Even in literature examples where there was deviation from the strictly þ1 slope of the observed pH rate profiles, it was very rare for the rate of hydrolysis to decrease at higher pH values, and never with esters. Hence, a pendent DPC with diclofenac as the drug payload is considered to release drug rapidly in the more basic conditions of an exudating wound, than in the more nearly neutral conditions of a healing wound.
The results of this work indicated that sufficient drug could be released into an exudating wound bed at therapeutically relevant levels from a DCF-MG (3a,b) or a DCF-PHB-MG (3c) conjugated polymer dressing. Most importantly, because DCF (1) is a NSAID, the inflammatory phase of chronic wound etiology could be positively influenced. Additionally, such delivery would address both the pain and itching associated with chronic wounds. 17 The release rate profile of both DCF ester compounds in the pH range of chronic wound exudate (~8.0-8.9) 17, 19, 34 is particularly well suited to the task and it is consistent with the desired release profile from a final DCF (1) dressing that is exposed to a wound environment. Current studies are measuring the release rate of DCF-MG (3a,b) and DCF-PHB-MG (3c) conjugated polymer material in buffer and simulated wound exudate. This work extends the fundamental knowledge of DCF (1) reactivity and chemistry and provides the framework for producing biocompatible wound dressings that are covalently modified with diclofenac. The pH-dependent release profile of both DCF (1) esters is fully compatible with the chronic wound microenvironment. In addition, the synthetic success of forming both the monoglyceride and p-hydroxybenzoate-monoglyceride moieties indicated that this approach has broad applicability for the covalent attachment of other small molecules and their subsequent incorporation into wound dressings. One can then envisage a single dressing that releases several small molecule drugs that interact with different aspects of chronic wound physiology in a temporal fashion to effect healing. We would like to thank Professor Bradley D. Anderson, University of Kentucky, for invaluable discussion and insights.
